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Smad4 is the central intracellular mediator of transforming growth factor-h (TGF-h) signals. To study the role of Smad4 in skeletal
development, we introduced a conditional mutation of the gene in chondrocytes using Cre– loxP system. We showed that Smad4 was
expressed strongly in prehypertrophic and hypertrophic chondrocytes. The abrogation of Smad4 in chondrocytes resulted in dwarfism with a
severely disorganized growth plate characterized by expanded resting zone of chondrocytes, reduced chondrocyte proliferation, accelerated
hypertrophic differentiation, increased apoptosis and ectopic bone collars in perichondrium. Meanwhile, Smad4 mutant mice exhibited
decreased expression of molecules in Indian hedgehog/parathyroid hormone-related protein (Ihh/PTHrP) signaling. The cultured mutant
metatarsal bones failed to response to TGF-h1, while the hypertrophic differentiation was largely inhibited by Sonic hedgehog (Shh). This
indicated that Ihh/PTHrP inhibited the hypertrophic differentiation of chondrocytes independent of the Smad4-mediated TGF-h signals. All
these data provided the first genetic evidence demonstrating that Smad4-mediated TGF-h signals inhibit the chondrocyte hypertrophic
differentiation, and are required for maintaining the normal organization of chondrocytes in the growth plate.
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Endochondral ossification initiates with the condensation
of mesenchymal cells, which differentiate into chondrocytes
forming cartilaginous templates. The surrounding mesen-
chymal cells differentiate into fibroblastic cells to form the
perichondrium. The cartilage tissues known as the growth
plate locating at the both extremities of long bones
continuously proceed through programmed proliferation,
maturation, hypertrophic and finally terminal hypertrophic
differentiation. Hypertrophic chondrocytes direct adjacent
perichondrial cells to differentiate into osteoblasts that form a
bone collar. The region of terminal hypertrophic chondro-0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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E-mail address: yangx@nic.bmi.ac.cn (X. Yang).cytes is further invaded by blood vessels followed by
osteoblasts and osteoclasts, which start to replace the
cartilaginous extracellular matrix (ECM) with the bone
ECM. The cartilage will eventually be replaced by the bone
tissue through the endochondral ossification. Most impor-
tantly, this differentiation process is driven along the defined
orientation and with the synchronous rate. During this
process, the proliferation and differentiation of chondrocytes
should be tightly regulated to maintain the normal skeletal
development (Karsenty and Wagner, 2002; Kronenberg,
2003).
Members of TGF-h superfamily play important roles in
the regulation of bone development. The bone morphoge-
netic proteins (BMPs) induce early cartilage formation
(Wozney, 1989). Misexpression of the BMP antagonist,
Noggin, prior to the onset of chondrogenesis resulted in the
absence of formation of condensations (Pizette and Nis-
wander, 2000), and overexpression of Noggin in the284 (2005) 311 – 322
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all cartilages (Tsumaki et al., 2002). During the later stages
of endochondral ossification, BMP genes and their receptors
are expressed in specific regions of the developing cartilage
elements (Vortkamp et al., 1996; Pathi et al., 1999; Zou et
al., 1997; Yi et al., 2000; Daluiski et al., 2001). Several in
vitro and in vivo studies have shown that BMP signaling
promotes the chondrocyte proliferation and expansion of all
zones of differentiation in the skeletal elements (Zou et al.,
1997; Minina et al., 2001; Tsumaki et al., 2002). Notably, all
these functions of BMPs have been established using in
vitro culture systems or overexpression systems. Targeted
disruption of Bmps either leads to mice with no significant
phenotypes or embryonic lethality due to the functional
redundancy of large number of ligands and receptors, as
well as basilic roles of BMPs during early embryonic
development (Kronenberg, 2003). Therefore, further studies
that delete several BMP genes or BMP signaling transducer
in whole animal or in specific cartilage tissues need to be
done to fully understand the roles of BMPs during the
endochondral ossification.
TGF-hs are also expressed abundantly during the
endochondral ossification. Many studies have shown that
TGF-hs play important roles in regulating chondrocyte
proliferation and differentiation. Experiments on mouse
embryonic metatarsal bone rudiment culture have demon-
strated that TGF-h1 can inhibit chondrocyte proliferation,
hypertrophic differentiation and matrix mineralization (Die-
udonne et al., 1994; Serra et al., 1999). The transgenic mice
expressing a dominant-negative mutation of the TGF-h type
II receptor developed degenerative joint disease resembling
human osteoarthritis, suggesting that TGF-h signaling can
inhibit the hypertrophic differentiation of articular chon-
drocytes (Serra et al., 1997). However, the underlying
molecular mechanism is still largely unclear.
Many data have shown that TGF-h signals interact with
Ihh/PTHrP signaling at several stages to regulate the process
of the endochondral bone formation. Indian hedgehog (Ihh),
which is expressed in the prehypertrophic chondrocytes, can
stimulate the expression of parathyroid hormone-related
peptide (PTHrP) in the periarticular region. They interact in
a negative feedback loop to regulate the onset of hyper-
trophic differentiation (Vortkamp et al., 1996; Lanske et al.,
1996). Misexpression of a constitutively activated BmpR-
IA during chick limb development phenocopies misex-
pression of Ihh, resulting in an upregulation of Pthrp
expression and delayed chondrocyte differentiation (Vort-
kamp et al., 1996; Zou et al., 1997). This suggests that
BMP signaling may act as the mediator between Ihh and
PTHrP molecule. TGF-h2 is also suggested to act as one of
the mediator signals between Ihh and PTHrP molecules
(Alvarez et al., 2002). On the other hand, previous studies
also suggest that the role of BMP signaling in regulating the
onset of hypertrophic differentiation is independent of the
Ihh/PTHrP signaling (Minina et al., 2001). All these issues
need to be further clarified.TGF-h superfamily members signal through Smad
signaling pathway (Shi and Massague, 2003). There are
eight Smad proteins, divided into three functional classes:
the receptor-regulated Smads (Smad1, 2, 3, 5 and 8), the
co-mediator Smad (Smad4) and the inhibitory Smads
(Smad6 and Smad7). Smad2 and Smad3 respond to
TGF-h and activin, while Smad1, 5 and 8 function in
BMP signaling pathways. Receptor-regulated Smads form
heterodimers with Smad4, and then translocate into the
nucleus to induce or repress the expression of TGF-h
target genes. Mutation analyses in mice using gene
targeting have revealed multiple important functions of
Smad genes in various developmental processes (Weinstein
et al., 2000), including endochondral ossification. Our
previous studies have shown that targeted disruption of
Smad3 resulted in a degenerative joint disease resembling
human osteoarthritis. This suggests that the Smad3 is
required for maintaining articular cartilage in the quiescent
state by repressing chondrocyte hypertrophic differentia-
tion (Yang et al., 1999, 2001). A missense mutation of the
Smad3 gene is found in an individual with osteoarthritis,
indicating that the TGF-h/Smad3 signaling pathway is
involved in the onset of osteoarthritis in human (Yao et al.,
2003). Recent reports show that the Smad6/Smurf1 over-
expression in cartilage delays chondrocyte hypertrophy, but
does not obviously influence the chondrocyte proliferation
(Horiki et al., 2004), implying the functional complexity of
cytoplastic Smad signals during the bone development.
As a common mediator Smad of TGF-h signaling,
Smad4 is expressed ubiquitously in all zones of the
epiphyseal plate (Sakou et al., 1999), suggesting that the
Smad4 may have important functions during the endo-
chondral ossification. However, the Smad4 deficient mice
die at the early stages of embryogenesis (Sirard et al.,
1998; Yang et al., 1998), which makes it difficult to access
the function of Smad4 in organgenesis. Tissue specific
deletion of Smad4 begins to reveal the function of Smad4
in cerebel and mammary gland development (Zhou et al.,
2003; Li et al., 2003). In order to comprehensively
understand the roles of Smad4-mediated TGF-h signals
in the endochondral ossification, we specifically deleted
the Smad4 gene in the chondrocytes by crossing a mouse
strain that carries a Smad4 conditional allele (Smad4Co)
(Yang et al., 2002) with the chondrocyte specific Cre
(Col2a1-Cre) transgenic mice (Hao et al., 2002). Our data
showed that the conditional knockout of Smad4 in
chondrocytes resulted in deceased proliferation and pre-
mature hypertrophic differentiation of chondrocytes, which
led to the disorganization of the growth plate. More
importantly, our results suggested that Ihh/PTHrP signaling
inhibited the hypertrophic differentiation of chondrocytes
independent of Smad4-mediated TGF-h signals. Overall,
our studies provided the genetic evidence showing that
Smad4 is required for maintaining the regular arrangement
and sequential differentiation of chondrocytes in the
growth plate.
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Targeted ablation of Smad4 gene in mouse cartilage
To investigate the role of Smad4 in endochondral
ossification, we generated the chondrocyte specific Smad4Fig. 1. Analysis of Cre recombinase expression in Col2a1-Cre transgenic mice and
Cre activity in chondrocytes of Col2a1-Cre transgenic mice. (A) The newborn ske
heterozygotes (right). Note that only the cartilaginous skeletal elements showed hi
staining. Note that all chondrocytes of growth plate were stained blue. (C) Higher
showed the higher magnification of the area in the small rectangle shown in panel
tibia of P4 mouse by in situ hybridization, all are dark field view. (D) The section
signals of Smad4 are present in the prehypertrophic and hypertrophic chondrocyte
anti-sense exon 8 of Smad4 probe. (F) The section from Smad4Co/Co;Col2a1-Cre m
very few chondrocytes were still positive for it. (G) Schematic representation of
Primers that amplified a fragment of 481 bp were used to detect the existence of
primers that amplified a fragment of 385 bp from the DNA of wild-type and hete
floxed allele (lane 2) of heterozygous (Smad4Co/+) and homozygous (Smad4Co
fragment of 234 bp from the Smad4 allele (lane 3). (I) Southern-blot showing
conditional (Co) allele, 7.2 kb fragment was the Smad4 allele after Cre-mediated
EcoRV fragment of Smad4 genomic DNA) for Southern-blot was shown as a blaknockout mice using the Cre–loxP system. We analyzed the
expression pattern of Cre recombinase in the Col2a1-Cre
transgenic mouse (Hao et al., 2002) utilizing the ROSA26
Cre reporter mouse strain (Soriano, 1999). LacZ staining
was performed in the Col2a1-Cre and ROSA26 doubly
transgenic mice. At E13.5, h-gal activity was detected in thetargeted inactivation of Smad4 in chondrocytes. (A–C) Characterization of
letons prepared from ROSA26/+ (left) and Col2a1-Cre/ROSA26 compound
gh LacZ activity. (B) Tissue section of tibia from neonatal mouse after lacZ
magnification of area in big rectangle shown in panel (B). Inset in panel (C)
(B). (D–F) Analysis of Smad4 expression in the growth plate of proximal
from wild-type mouse was hybridized with anti-sense Smad4 probe. Strong
s. (E) The section from Smad4Co/+;Col2a1-Cre mouse was hybridized with
ouse was hybridized with anti-sense exon 8 of Smad4 probe, showing that
conditional knockout Smad4. (H) The genotypes were identified by PCR.
Cre gene (lane 1). The wild-type Smad4 allele (lane 2) was detected using
rozygous (Smad4Co/+) mice. A fragment of 438 bp was amplified from the
/Co) mice. After the Cre-mediated recombination, primers can amplify a
Cre-mediated recombination in cartilage tissues. 4.3 kb fragment was the
recombination and only detected in the cartilage. The probe (2.2 kb HpaI-
ck bar (P) in panel (G). Scale bar: (B) 67 Am; (D–F) 150 Am.
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Meckel’s cartilage (data not shown). In the skeleton of the
neonatal mouse positive for LacZ staining, the cartilages
locating at the both ends of long bones, vertebra and
temporal bones were stained blue (Fig. 1A). Analysis of
sections from the proximal tibia revealed LacZ staining in
all chondrocytes and some perichondrium cells (Figs. 1B,
C). All these data showed that the Col2a1-Cre transgenic
mice we generated could be used to achieve Cre-mediated
recombination in chondrocytes.
Smad4 mRNA can be detected in all zones of the
epiphyseal growth plate of proximal tibia, especially in the
prehypertrophic and hypertrophic chondrocytes (Fig. 1D).
To disrupt the Smad4 gene in chondrocytes, we crossed a
mouse strain containing the Smad4 conditional alleles
(Smad4Co/Co) (Yang et al., 2002) with the Col2a1-Cre
transgenic mice (Hao et al., 2002). The achieved
Smad4Co/+;Col2a1-Cre mice were further crossed with
Smad4Co/Co mice to generate Smad4Co/Co;Col2a1-Cre
mice. In this paper, the Smad4Co/+;Col2a1-Cre mice were
used as controls because there were no apparent difference
in the structure and arrangement of growth plate cartilage
observed between Smad4Co/+;Col2a1-Cre and Smad4Co/Co
or Smad4Co/+or wild-type mice (data not shown). The
offspring was genotyped by PCR analysis (Fig. 1H). Cre-
mediated excision of exon 8 of the Smad4 gene in different
tissues isolated from Smad4Co/Co;Col2a1-Cre mouse was
evaluated by PCR and Southern blot analysis. PCR analysisFig. 2. Loss of Smad4 resulted in dwarfism. (A) Gross appearance of Smad4Co/+
littermates at 32 days. (B) Gross appearance of a 6-month-old Smad4Co/Co;Col2a
(diamond), Smad4Co/+;Col2a1-Cre (triangle) and Smad4Co/Co;Col2a1-Cre (circle)
mice. (D, E) Skeletons of hindlimbs of P10 (D) and P32 (E) mice were stained with
mice, the lower is from control mice. The arrowhead points to the cartilage not ossifi
Cre (lower) and Smad4Co/Co;Col2a1-Cre (upper). The white arrowheads point toon cerebra, cartilage, bone, heart, lung, liver, stomach,
intestine, kidney and spleen revealed that the Cre-mediated
recombination occurred exclusively in cartilage tissue (data
not shown). Southern blot analysis confirmed that the exon
8 of the Smad4 was deleted effectively in cartilage tissues
by Cre-mediated recombination (Fig. 1I). In situ hybrid-
ization also revealed that the loxP-anchored exon 8 of
Smad4 was absent in the chondrocytes of mutant mice (Figs.
1E, F). These results indicated that the Smad4 gene has been
disrupted efficiently in chondrocytes by Col2a1-Cre-medi-
ated recombination.
Col2a1-Cre induced deletion of the Smad4 gene resulted in
growth retardation of long bones
The newborn Smad4Co/Co;Col2a1-Cre mice were smaller
than Smad4Co/+or Smad4Co/Co or Smad4Co/+;Col2a1-Cre
littermates (data not shown). The smaller size became more
evident during postnatal development as revealed by
reduced body weight (Fig. 2C). At the postnatal day 32
(P32), the Smad4Co/Co;Col2a1-Cre mice were 50–70%
smaller than Smad4Co/+ or Smad4Co/+;Col2a1-Cre litter-
mates (13.8 T 3.3 g in mutant male mice vs. 24.4 T 5.1 g in
control littermates, P < 0.01; 12.8 T 2.8 g in mutant female
mice vs. 19.3 T 3.0 g in controls, P < 0.01) (Figs. 2A, C).
The tail of Smad4Co/Co;Col2a1-Cre mice was usually
distorted when mice aged (Fig. 2B). Whole skeletons from
the Smad4Co/Co;Col2a1-Cre and control mice were exam-(left), Smad4Co/+;Col2a1-Cre (middle) and Smad4Co/Co;Col2a1-Cre (right)
1-Cre mouse showing the distorted tail. (C) Growth curves of Smad4Co/+
male (red) and female (blue) mice. Each point represented mean T SD from 6
Alcian blue and Alizarin red S. The upper is from Smad4Co/Co;Col2a1-Cre
ed. (F) X-ray images of femurs, tibias and fibulas of P50 Smad4Co/+;Col2a1-
the sites with low radiolucency in the mutant bone marrow cavity.
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and P32 Smad4Co/Co;Col2a1-Cre mice exhibited short-
ening in the length of all bones, as shown on theFig. 3. Histological analysis of growth plate in Smad4Co/Co;Col2a1-Cre and contro
H, J–L, N, P) proximal tibias from P4 (A–F, EV, FV), P8 (G, H), P16 (I–L), P22
(green double-headed arrow), shortened proliferative region (blue double-headed a
Smad4 mutant mouse (B). (C, D) BrdU labeling. BrdU-positive nuclei are stain
numbers of apoptotic chondrocytes (red arrowheads) in Smad4 mutants. Data are r
mice. (EV, FV) Enlarged view of TUNEL-positive nuclei indicated by the red arrow
panel H) were present in the mutant growth plate. (I, J) Immunohistochemistry with
mutant mice. Panel L is higher magnification of area in rectangle shown in panel K
cavity (asterisks). (O, P) Growth plate stained by safranine O method, showing the
G, H) 93 Am; (E, F) 63 Am; (EV, FV) 12 Am; (I–K, M–P) 150 Am.hindlimbs (Figs. 2D, E). The ossification was delayed in
the mutant mice compared with that in the control mice
(Figs. 2D, E). However, radiographic analysis showed thatl mice. Sections of control (A, C, E, EV, G, I, M, O) and mutant (B, D, F, FV,
(M, N) and P32 (O, P) mice are used. (A, B) Expanded periarticular region
rrow) and disorganized hypertrophic zone of chondrocytes were present in
ed dark brown (enlarged box). (E, F) TUNEL staining revealed increased
epresentative of experiments performed on three pairs of mutant and control
heads in panels E and F. (G, H) Some hypertrophic chondrocytes (inset in
collagen-2 polyantibody. (K, L) Severely disorganized growth plate in P16
. (M, N) Irregular patches of cartilage persisted in the mutant bone marrow
cartilage stained red left in the mutant bone marrow cavity. Scale bar: (A–D,
J. Zhang et al. / Developmental Biology 284 (2005) 311–322316there were some tissues with low radiolucency presenting
in the bone marrow cavity of P50 mutant mice (Fig. 2F,
arrowheads).
Targeted disruption of Smad4 in chondrocytes caused
disorganization of the growth plate
To characterize the skeletal abnormalities in the
Smad4Co/Co;Col2a1-Cre mice in more details, the prox-
imal tibias at different developmental stages were sec-
tioned for histological analysis. At E16.5, the arrangement
and differentiation of chondrocytes in the mutant mice
were relatively normal compared with that in the control
mice (data not shown). At P4, the growth plate of the
mutant mice showed the apparent disorganization. The
periarticular regions were broader than that of the control
mice (Figs. 3A, B, green double-headed arrow), and
columns of proliferating chondrocytes were sparser and
shorter (Figs. 3A, B, blue double-headed arrow). In
addition, the number of hypertrophic chondrocytes was
decreased, and the interface between the proliferating and
hypertrophic zone was irregular in the Smad4 mutant mice
(Fig. 3B). We assessed the proliferation rate of proliferat-
ing chondrocytes with BrdU labeling. The results showed
that the chondrocyte proliferation in the mutant mice was
slightly decreased compared with that in the control mice
(Figs. 3C, D, the percentage of BrdU positive cells in the
proliferating zone, 11.2 T 1.7% in mutants vs. 13.1 T
1.9% in controls, n = 9, P < 0.05). TUNEL staining was
performed to check whether abnormal apoptosis contrib-
utes to the narrowed zone of hypertrophic chondrocytes.Fig. 4. Expression of Collagen-10 and Ihh/PTHrP molecules in E16.5 embryos. In
D, F, H) embryos. There was no significant difference on the expression of Collage
mutant growth plate. Scale bar: 100 Am.We found that the numbers of apoptotic chondrocytes at
the chondro-osseous junction in the mutant mice were
significantly increased than those in the control mice
(Figs. 3E, EV, F, FV, the numbers of TUNEL positive
cells, 5.7 T 0.8 in mutants vs. 3.5 T 1.0 in controls, n = 9,
P < 0.01).
At P8, ectopic hypertrophic chondrocytes were found in
the proliferating zone of chondrocytes of mutants (Figs.
3G, H). At P16, the disorganization of mutant growth plate
became more severe. Layers of resting chondrocytes
expressing type II collagen were found both at the top
and the bottom of the growth plates in the mutant mice
(Fig. 3J), while the resting chondrocytes were only located
at the top of the growth plate in the control mice (Fig. 3I).
In one case (1 out of 5 P16 mutants), the layers of resting
chondrocytes were lined up along the long axis of the
tibia, while the proliferative chondrocytes underwent an
approximately 90- shift in orientation (Figs. 3K, L). In the
growth plate of the P22 mutant mice, large numbers of
resting chondrocytes occupied the distorted growth plate,
and the arrangement of proliferating chondrocytes orien-
tated to multiple directions, and irregular patches of resting
chondrocytes persisted in the bone marrow cavity (Fig.
3N). Similar phenotypes were preserved in the P32 mutant
mice. There were still areas of resting chondrocytes stained
red by safranine O staining in the bone marrow cavity
(Figs. 3O, P). Collectively, these results indicated that the
loss of Smad4 caused impaired proliferation, ectopic
hypertrophic differentiation and increased apoptosis of
chondrocytes, which resulted in the disorganization of
growth plate cartilage.situ hybridization of growth plates from control (A, C, E, G) and mutant (B,
n-10 (A, B), Ihh(C, D), Ptc-1(E, F) or PPR (G, H) between the control and
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with the prematurely hypertrophic differentiation of
proliferating chondrocytes
The nature of the mutant growth plate at different stages
was further characterized by in situ hybridization. We first
checked the expression of Collagen-10, a marker of the
hypertrophic chondrocytes. The result showed that the
expression of Collagen-10 was comparable between the
mutant and control mice at E16.5 (Figs. 4A, B). Similarly,
the prehypertrophic zone of chondrocytes marked by Ihh isFig. 5. Decreased expression of molecules in Ihh/PTHrP feedback loop was
correlated with the prematurely hypertrophic differentiation of growth plate
chondrocytes in Smad4 mutants. In situ hybridization of growth plate of
proximal tibia from P4 control (A, C, E, G) or mutant (B, D, F, H) mice.
(A, B) The premature hypertrophic chondrocytes located in the proliferating
zone expressed Collagen-10 (indicated by orange arrow). (C, D) Ihh was
decreased in Smad4 mutant mice. Green arrow points to premature
prehypertrophic chondrocytes in the proliferative region (D). (E, F) Ptc-1
was downregulated in Smad4 mutant mice. (G, H) PPR was significantly
decreased in the Smad4 mutant mice. Scale bar: 200 Am.
Fig. 6. Premature hypertrophic chondrocytes induced adjacent perichon-
drium cells to differentiate into osteoblasts in the Smad4 mutant mice.
Sections of the proximal tibias from E16.5 (A, B) and P4 (C–F)
Smad4Co/Co;Col2a1-Cre (B, D, F) and control (A, C, E) mice were
stained by von kossa method. Mineral is stained brown. Note that ectopic
bone collars were formed adjacent to the proliferating region of
chondrocytes (D, red arrowhead). (E, F) Higher magnification of area in
rectangle shown in panels C and D, respectively. Red arrow in panel F
points to the cluster of ectopic hypertrophic chondrocytes. (G, H) In situ
hybridization of sections of the proximal tibias from P4 control (G) and
mutant (H) mice shows that the ectopic bone collars formed in Smad4
mutant mice express osteopontin (bright field view). The purple arrow-
head pointed to the perichondrium cells expressing the osteopontin. Scale
bar: (A, B) 113 Am; (C, D) 138 Am; (E, F) 45 Am; (G, H) 100 Am.not changed significantly in mutants at this stage (Figs. 4C,
D). Further investigations detecting the Ptc-1 and PPR,
receptors for Ihh and PTH/PTHrP, showed that they
expressed in E16.5 Smad4 mutants at a comparable level
with the ones in controls (Figs. 4E–H). These indicated that
Ihh/PTHrP pathway was not affected by disruption of Smad4
gene at this stage.
At P4, the expression of Collagen-10 was not only
found in the hypertrophic zone of chondrocytes in the
mutant mice, but also present in some differentiated
chondrocytes that were scattered in the proliferating zone
(Figs. 5A, B, orange arrow). This indicated that disruption
of Smad4 could accelerate the hypertrophic differentiation
of chondrocytes. Consistently, Ihh, the marker of the
Fig. 7. Effects of TGF-h1 or Shh on the expression of Collagen-10 in
Smad4 mutant metatarsals. The expression domains of Collagen-10 were
determined by in situ hybridization on the sections of metatarsal rudiments
from the control (A, B, E, F) and mutant (C, D, G, H) littermates. (A–D)
Metatarsals of control (A, B) and mutant (C, D) E17.5 mouse embryos were
cultured for 5 days in control medium (A, C) or treated with TGF-h1 (B, D).
Note that the hypertrophic differentiation of control metatarsal chondro-
cytes was inhibited by the treatment of TGF-h1, while the Smad4 mutant
metatarsals did not respond to TGF-h1. (E–H) Shh inhibited the hyper-
trophic differentiation of both control (E, F) and mutant metatarsal
chondrocytes (G, H). Scale bar: 200 Am.
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proliferating zone of the mutant mice (Figs. 5C, D, green
arrow). The expression level of Ihh was significantly
decreased in the P4 mutant mice (Figs. 5C, D), accom-
panied by downregulation of Ptc-1 (Figs. 5E, F) and PPR
(Figs. 5G, H). Together, our results suggested that loss of
Smad4 might result in downregulation of Ihh/PTHrP
signaling at postnatal stage that was correlated with the
ectopic differentiation of chondrocytes.
Perichondrium cells prematurely differentiated into
osteoblasts
Long bone development is a coordinated process
involving both chondrogenesis and osteogenesis. Previous
study has shown that ectopic hypertrophic chondrocytes can
induce the adjacent perichondrium cells to differentiate into
osteoblasts (Chung et al., 2001). In the Smad4 mutant mice,
premature differentiation of proliferating chondrocytes may
affect the osteoblast differentiation from perichondrium
cells. Therefore, we checked the formation of bone collar
in the mutants. The results of von kossa staining on sections
of the E16.5 tibia showed that bone collars were formed in
the perichondrium abutting prehypertrophic and hyper-
trophic chondrocytes in both wild-type and mutant mice
(Figs. 6A, B). However, in the P4 Smad4Co/Co;Col2a1-Cre
mice, bone collars were formed adjacent to the zone of
proliferating chondrocytes, where the ectopic hypertrophic
chondrocytes were present (Figs. 6C–F). These ectopic
bone collars expressed osteopontin (Figs. 6G, H), molecular
markers for osteoblasts. All these data demonstrated that
ablation of Smad4 resulted in premature differentiation of
perichondrium cells into osteoblasts.
Ihh signals inhibit the hypertrophic differentiation of Smad4
mutant metatarsal chondrocytes
It has been proposed that TGF-h signals could serve as
mediators between Ihh and PTHrP to inhibit the hyper-
trophic differentiation of chondrocytes. To test whether
disruption of Smad4-mediated TGF-h signals diminished
the response of chondrocytes to Ihh signaling, an in vitro
embryonic metatarsal rudiment culture system was
employed. Firstly, we treated the metatarsal rudiments of
mouse embyros at E17.5 with TGF-h1. Hybridization with
Collagen-10 revealed that the addition of TGF-h1 could not
inhibit the hypertrophic differentiation of Smad4 mutant
metatarsal chondrocytes (Figs. 7A–D). This suggested that
the knockout of Smad4 gene in chondrocytes did block the
response of chondrocytes to TGF-h signals. We further
treated the metatarsal rudiments with Shh, a substitute of Ihh
molecule. Surprisingly, in situ hybridization showed that the
zones of Collagen-10-expressing hypertrophic chondrocytes
in both Smad4 mutant and control metatarsal rudiments
were significantly narrowed due to the addition of Shh
(Figs. 7E–H), indicating that Ihh signals could inhibit thehypertrophic differentiation of chondrocytes in the absence
of Smad4-mediated TGF-h signals.Discussion
The observation that Smad4Co/Co;Col2a1-Cre mice
exhibited a growth plate abnormality due to the altered
proliferation, differentiation and survival of chondrocytes
revealed the critical functions of Smad4 in endochondral
ossification. However, the pathology of the mutant mice was
not as severe as one might expect. Previous studies showed
that mice overexpressing the Noggin under the control of
Col11a2 promoter/enhancer sequences lacked nearly all
cartilages (Tsumaki et al., 2002), BmprIB;Bmp7 double
mutants develop the forelimb autopod with severely reduced
or absent elements (Yi et al., 2000). Unexpectedly, the
cartilage formation and the bone morphogenesis were not
apparently affected in the chondrocyte specific Smad4
knockout mice. This implicated the complexity of cyto-
plastic transduction of BMP and TGF-h signals. Based on
our observations on the Smad4 mutant mice, we thought that
Smad4 could have redundant functions during chondro-
genesis. We considered two possibilities. First, previous
studies had found the isoform of Smad4 in Xenopus
(Masuyama et al., 1999; Howell et al., 1999), so it was
possible that there was co-Smad other than Smad4 in
chondrocytes. Second, it was highly possible that there were
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chondrocytes acting as the compensatory mechanism to
transduce the extracellular BMP and TGF-h signals (Iwasaki
et al., 1999; Yu et al., 2002; Ijichi et al., 2004; Chu et al.,
2004). Previous studies have shown that both Smad2/4 as
well as the p38 MAPK and ERK1/2 pathways are rapidly
activated following the treatment with TGF-h in the ATDC5
chondrogenic cell line (Watanabe et al., 2001). There is also
evidence showing that BMPs function in the developing
limb is mediated not only through Smad proteins but also
through p38 MAPK (Zuzarte-Luis et al., 2004). Additional
experiments need to be done to elucidate the mechanisms
underlying the Smad4-independent TGF-h signals in regu-
lation of the growth and differentiation of chondrocytes.
The most striking phenotype in postnatal Smad4Co/Co;
Col2a1-Cre mice was the dramatic disorganization of the
growth plate characterized by extremely expanded resting
zone of chondrocytes (Figs. 3B, H, J–L, N, P), indicating
that Smad4-mediated TGF-h signals were required for
regulating the normal organization of the growth plate. The
mammalian growth plate is composed of three basic layers
that play crucial roles in endochondral ossification. The
resting zone of chondrocytes lies uppermost in the growth
plate, followed by proliferating zone that is composed of
flattened, coin-like chondrocytes with a clear orientation that
directs the lengthening of the bone. The hypertrophic
chondrocytes stop dividing and then enlarge, serving as the
principal engine of bone growth. The molecular mechanism
that controls the normal organization of the growth plate is
still largely unknown. Previous studies had shown that
ectopic resting zone cartilage could induce reorientation of
adjacent columns of proliferating chondrocytes, suggesting
that resting chondrocytes could release a morphogen which
sets up a concentration gradient to direct the orientation of
proliferative columns (Abad et al., 2002). TGF-h families
have been implicated as morphogens to modulate the
dorsalventral patterning and anteroposterior axis formation
during early embryogenesis and organgenesis (Gurdon and
Bourillot, 2001). Some studies reveal that Dpp transduction
leads to the graded transcriptional downregulation of the
brinker (brk) gene, providing a mechanism by which an
extracellular Dpp/BMP morphogen gradient is converted
into a transcriptional gradient (MU¨ller et al., 2003). In this
study, we showed that targeted disruption of Smad4 in
chondrocytes resulted in severely disorganized growth
plates, suggesting that members in the TGF-h superfamily
could serve as morphogens to guide the alignment of existing
proliferating chondrocytes and the differentiation of chon-
drocytes. Therefore, ablation of Smad4 in chondrocytes
might block the response of chondrocytes to the morph-
ogens, and eventually led to the disorganization of the
growth plate. Many previous studies have shown that TGF-
hs, BMPs and their antagonists, receptors and intracellular
Smads were expressed differentially in all different types of
chondrocytes (Pathi et al., 1999; Sakou et al., 1999;
Kronenberg, 2003). Further experiments are required tovalidate how this network controls the normal organization
of the growth plate.
The rate of hypertrophic differentiation must be tightly
regulated to maintain the right shape and length of the
bones. BMP ligands and receptors are abundantly expressed
in hypertrophic chondrocytes and adjacent perichondrium.
Extensive in vitro analysis has shown that BMP signals
promote chondrocyte hypertrophy (Leboy et al., 1997;
Enomoto-Iwamoto et al., 1998; Pathi et al., 1999). TGF-
hs have been implicated in inhibiting the hypertrophic
differentiation of chondrocytes in multiple model systems
(Ballock et al., 1993; Serra et al., 1999). In this study, we
accessed the function of Smad4-mediated TGF-h signals by
generating the chondrocyte specific Smad4 gene knockout
mouse. We showed that deletion of Smad4 specifically in
chondrocytes resulted in accelerated hypertrophic differ-
entiation characterized by the ectopic expressions of Ihh and
Collagen-10, molecular markers of prehypertrophic and
hypertrophic chondrocytes, in the zone of proliferating
chondrocytes (Figs. 5D, B). It has been shown that Ihh can
induce the adjacent perichondrium cells to differentiate into
osteoblasts, and determines the location of bone collar
formation (Chung et al., 2001). Consistently, the promoted
hypertrophic differentiation of chondrocytes was accompa-
nied by ectopic bone collar formation adjacent to the
proliferating zone in the Smad4 mutant mice (Figs. 6D, F,
H). In addition, TGF-h1 could not inhibit the hypertrophic
differentiation of metatarsal chondrocytes in the absence of
Smad4. All these data suggested that TGF-h signals
inhibited the hypertrophic differentiation of chondrocytes
through the Smad4 molecule. Interestingly, we found that
the articular cartilage in Smad4 mutant mice did not
undergo the hypertrophic differentiation even in the older
mice (Figs. 3N, P and data not shown). This phenotype was
different from that of Smad3 mutant mice, suggesting that
the molecular mechanism of modulating the differentiation
of chondrocytes in the growth plate was distinct from the
one in the articular cartilage.
Many data suggested that BMPs and TGF-hs could
integrate into the Ihh/PTHrP signaling loop to regulate the
proliferation and differentiation of chondrocytes. Results of
misexpression of an activated BmpR-IA in chick limbs
suggest that BmpR-IA-mediated signals act downstream of
Ihh to regulate the expression of Pthrp (Zou et al., 1997).
On the other hand, Noggin treatment of limbs from
transgenic mice that overexpress Ihh in the chondrocytes
cannot decrease the upregulated expression of Pthrp and
override the delayed onset of hypertrophic differentiation,
indicating that block of BMP signals cannot antagonize the
effects of Ihh overexpression. This result suggests that BMP
signals regulate the onset of hypertrophic differentiation
independent of the Ihh/PTHrP signaling (Minina et al.,
2001). Some studies show that the addition of Shh in
metatarsal rudiments stimulates the expression of Tgfb-2
and Tgfb-3 in the perichondrium, but fails to block the
hypertrophic differentiation of chondrocytes and promote
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acts as one of the mediator signals between Ihh and PTHrP
molecules (Alvarez et al., 2002). In the current study, we
showed that the expressions of Ihh and downstream
receptors were decreased in the postnatal Smad4 mutant
mice (Figs. 5D, F, H). These observations suggest that
Smad4-mediated signals could regulate the Ihh/PTHrP
feedback loop to coordinate the proliferation and differ-
entiation of chondrocytes in the growth plate. However,
these data could not exclude the possibility that Smad4-
mediated signals inhibited the hypertrophic differentiation
independent of Ihh/PTHrP signaling. In this case, the
decreased expression of Ihh probably is the consequence
of the decreased number of prehypertrophic chondrocytes
due to the diminished response of chondrocytes to BMP and
TGF-h signals. To distinguish these two possibilities, we
did in situ hybridization at the earlier stage. At E16.5, the
growth plate chondrocytes in the control and mutant mice
showed relatively normal arrangement. The expression of
Collagen-10, Ihh, Ptc-1 and PPR in Smad4 mutants were at
a comparable level with the ones in controls (Fig. 4),
indicating that Ihh/PTHrP pathway was not directly affected
by disruption of Smad4 gene at this stage.
In the chondrocyte specific Smad4 mutant mice, we
disrupted Smad4, the central intracellular mediator of TGF-
h signals. This provided a very good model system allowing
us to demonstrate whether Ihh signals acted through the
TGF-h mediator. We analyzed metatarsal rudiments treated
with TGF-h1 or Shh. Our data clearly demonstrated that
knockout of Smad4 in chondrocytes blocked the response of
the Smad4 mutant metatarsals to TGF-h signals (Figs. 7A–
D). Interestingly, the treatment of Shh could inhibit the
hypertrophic differentiation of Smad4 mutant and control
metatarsal chondrocytes (Figs. 7E–H), suggesting that Ihh/
PTHrP feedback signaling was functional in the Smad4
mutant mice regardless of the disruption of TGF-h signals.
All these data indicated that Smad4-mediated TGF-h signals
did not function as the mediators between Ihh and PTHrP
molecules. Obviously, this view was inconsistent with
previous reports that TGF-h2 could act as the mediator in
the Ihh/PTHrP signaling. This discrepancy may be due to
the presence of Smad4-indepenent TGF-h signaling that has
been revealed by many previous studies (Yu et al., 2002;
Ijichi et al., 2004). Further studies need to be done to
demonstrate the roles of Smad4-independent TGF-h signals
in the Ihh/PTHrP signaling.Materials and methods
Mouse strains and genotyping
To get the conditional Smad4 gene knockout mice
(Smad4Co/Co;Col2a1-Cre), mice that were homozygous for
the ‘‘floxed’’ Smad4 allele (Smad4Co/Co) (Yang et al., 2002)
were crossed with Col2a1-Cre transgenic mice (Hao et al.,2002). To examine the spatial distribution of Cre-mediated
recombination, the female Col2a1-Cre transgenic mice were
crossed with male ROSA26 reporter mice (Soriano, 1999).
The wild-type Smad4 allele was detected using primer 1 (5V-
GGG CAG CGT AGC ATA TAA GA-3V) and primer 2 (5V-
GAC CCA AAC GTC ACC TTC AC-3V) that amplified a
fragment of 385 bp from the DNA of wild-type and hete-
rozygous (Smad4Co/+) mice. A fragment of 438 bp was
amplified from the floxed allele of heterozygous (Smad4Co/+)
and homozygous (Smad4Co/Co) mice using the same pair of
primers. Primer 3 (5V-GCC TGC ATT ACC GGT CGA
TGC-3V) and primer 4 (5V-CAG GGT GTT ATA AGC AAT
CCC-3V) that amplified a fragment of 481 bp were used to
detect the existence of Cre gene. In addition, primer 5 (5V-
CCT TAG TTG AAG CTTATA ACT TCG-3V) and primer 2
were used to amplify a fragment of 234 bp from the Smad4
allele after the Cre-mediated recombination.
X-gal staining procedures, skeleton preparation and
radiography
X-gal staining was performed using the procedures
described previously (Kawaguchi et al., 2002). For general
skeletal preparation after alcian blue and alizarin red S
staining, experiments were carried out using standard
procedure (Yang et al., 2001). Radiography analysis was
carried out with a soft X-ray system (Contour Plus,
BENNET Trex Medical, USA).
Southern blot
Genomic DNAs were isolated from multiple tissues of P4
mutant mouse. Cartilage tissues were taken from growth
plates of femurs and humeri under a dissecting microscope
(Nikon) using fine forceps. The DNAs were then digested
with EcoRV. About 15 Ag DNA from each sample was
electrophoresed on the 0.8% agarose gel and transferred to
nitrocellulose membrane. Hybridization was performed with
32P-labeled probe indicated in Fig. 1G.
Histology and immunohistochemistry
The knee joints were fixed in 4% paraformaldehyde at
4-C overnight and decalcified in 5% EDTA/PBS. Decal-
cified tissues were dehydrated and embedded in wax
(Leica) using standard procedures. The sections were
sectioned at 5 Am, and stained with hematoxylin and
eosin (H&E). To detect the expression of the aggrecan in
the skeletal tissues, safranine O staining was performed
as described previously (Yang et al., 2001). For detection
of mineralization, sections were stained with von kossa
method (2% silver nitrate). For immunohistochemistry,
rabbit polyclonal anti-collagen-2 (Boster, China) was used
as primary antibodies. The secondary antibody is perox-
idase-labeled (Zsbio, China). The sections were counter-
stained with hematoxylin.
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P4 mice were injected intraperitoneally with 80 Ag/g
body weight of BrdU (Sigma) 1 h before sacrifice. 5 Am
sections were processed for BrdU immunohistochemistry
with the method described previously (Serra et al., 1999).
For counting of BrdU positive cells in the proliferating zone,
we first determined the top side of a rectangular area which
included the highest proliferating chondrocytes in the
proliferating zone of mutant, and then set rectangular area
as large as possible in the proliferating zone excluding the
hypertrophic chondrocytes. The same rectangle was applied
onto the middle site of proliferating zone of littermate
control sections. The significance of differences was
evaluated with Student’s t test.
TUNEL assay
TUNEL assay was performed in 5 Am paraffin sections
of paraformaldehyde-fixed specimens from P4 mice using
the ApopTag\ peroxidase in situ apoptosis detection kit,
according to the directions of the manufacturer (Chemicon).
In situ hybridization
In situ hybridization was performed using standard
procedures. Probes were labeled with 35S-UTP using the
MAXIscript in vitro transcription kit (Ambion). The probes
were as described previously: Smad4 (Yang et al., 1998),
Col10 (Ninomiya et al., 1986), Ihh, Ptc-1, PPR (Vortkamp
et al., 1996), osteopontin (Kim et al., 1999). Slides were
dipped in emulsion (Amersham Pharmacia) and exposed for
5–10 days before developing.
Embryonic metatarsal rudiment in vitro culture
The procedure was slightly adapted from the one
described previously (Yang et al., 2001). Metatarsal rudi-
ments were isolated from 17.5 dpc pregnant Smad4Co/Co
mice that were mated with Smad4Co/+;Col2a1-Cre male
mice. The left-right paired central bones were used in
experiments. Explants were grown at 37-C in a humidified
5% CO2 incubator. TGF-h1 (R&D systems; 10 ng/ml) or
Shh-N (R&D systems; 2 Ag/ml) was added to cultures 24 h
after dissection. At day 5 of treatment, explants were
harvested and embedded. In situ hybridization was per-
formed on 5 Am sections of rudiments.Acknowledgments
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